Microbial fermentation is the current predominant biomanufacturing platform. However, it suffers from low production yields, slow reaction rates, and scaling-up challenges. In vitro enzymatic biosystems are emerging to expand the traditional biotechnological mode by utilizing more than three enzymes for manufacturing the desired product from cheap substrate. In the past few years, numerous proofs of the concept of in vitro biosystems containing complex enzyme mixtures from different groups worldwide have inspired the development of these platforms for biomanufacturing, these biosystems show advantages such as near-theoretical product yields, faster reaction rates, reduced interference from toxic compounds, and unprecedented level of engineering. In this review, several examples of in vitro systems are presented to illustrate these advantages and possible solutions to overcome the remaining challenges are discussed. The continuing decrease in enzyme cost and improvements in enzyme engineering techniques will make in vitro biosystems a comparable biomanufacturing platform for microbial fermentation in the near future.
Introduction
In vitro biosystems contain a number of purified/partially purified enzymes (usually more than 4) and coenzymes in a single reaction vessel for the production of desired products through complicated biochemical reaction pathways. At the beginning, in vitro biosystems were used by scientists to study the basic biological mechanisms, and some of these scientists have received Nobel Prizes for their pioneering work, including Eduard Buchner for discovering yeast extract (nonliving yeast) that can convert glucose to ethanol [1] , Arthur Harden and Hans von Euler-Chelpin for the investigation of the fermentation of enzymes and fermentative sugar [2] , Otto Warburg for his discovery of the nature and mode of action of the respiratory enzymes [3] , Carl and Gerty Cori for the discovery of the course of the catalytic conversion of glycogen [4, 5] , Hans Krebs for the discovery and elucidation the citric acid cycle [6] , Melvin Calvin for the investigation ofcarbon dioxide assimilation in plants [7] , Nirenberg for the elucidation the genetic codon [8] . In vitro biotransformations based on enzymes became popular manufacturing tools about 50 years after the discovery of enzymes, from one-enzyme biotransformations to multi-enzyme biotransformations. The most famous instance is glucose isomerase, which is being used in the manufacture of high-fructose corn syrup (HFCS) [9] . Other important manufacturing developments for enzymes include the use of thermostable polymerase to amplify DNA [10] , the use of immobilized nitrile hydratases to produce acrylamide [11] , and the use of amylases and amyloglucosidases to produce glucose [12] . In the current century, some in vitro biosystems containing more than 4 enzymes were constructed to implement much more complicated reactions for the production of high-cost pharmaceuticals (e.g., heparin and protein drug) [13] to low-cost biocommodities (e.g., hydrogen and alcohols) [14, 15] .
Because of the limited availability of fossil fuels and climate changes, a revolutionary shift from using fossil to using sustainable resources is occurring in this century, inducing substantial efforts in industrial biotechnology for manufacturing [16, 17] . Living wholecell fermentation is the predominant biomanufacturing platform to help meet the world's increasing need for fuels, pharmaceuticals, and commodity chemicals [18] . For example, penicillin has been industrially produced by fungi for decades [19] , saving millions of lives; most of the amino acids are produced by living microorganisms [20] . This platform has some advantages, for example, cells can harness the power of evolution by directed evolution and adaption to increase the product yield and product separation cost can be low because the cells are larger than products. However, fermentation processes also have inherent limitations imposed by cells. For example, a significant part of input resources is used for cell proliferation, and not for the production of the desired compounds, and many side pathways inside cells direct the metabolic flux to yield undesired compounds, resulting in low production yield. Moreover, substrate uptake and product excretion are slowed down by cell membranes, resulting in slow reaction rates. The unwieldy complexity of cells makes rational design unpredictable and difficult to engineer. Many fermentation processes can work in the laboratory, but transferring them to industrial scale is not economically feasible [21] [22] [23] [24] . Because of the distinctive advantages of in vitro biosystems compared to the microbial fermentation systems, in vitro biosystems emerge as a new biomanufacturing platform to cope with the complexity and limitations imposed by the cells [25, 26] . In this review, we focus on discussing some examples of in vitro biosystems for biomanufacturing to specify the major advantages compared to microbial fermentation, economic analysis and design principle of these systems, as well as the problems of applying these systems for industrial scale production and possible solutions.
The advantages of in vitro biosystems
We use several examples of in vitro biosystems to specify the advantages of these manufacturing systems, including high product yield, fast reaction rate, high tolerance of toxic environments, and high engineering flexibility, etc.
High product yields
High product yields can be achieved in in vitro biosystems by eliminating the competition of side pathways for intermediates and resource loss for sustaining cell survival during microbial fermentation. A typical example is hydrogen production by an in vitro biosystem proposed by Zhang [14] . Undoubtedly, hydrogen would be the best energy carrier for the transportation sector in the future because of its high-energy utilization efficiency through fuel cells and nearly zero pollution for end users [16, 27] . Hydrogen can be produced by chemical catalysis, biocatalysis, and combination of both. Natural and genetically modified hydrogen-producing microbes cannot produce hydrogen at yields of more than four moles of hydrogen per mol of glucose, called the Thauer limit [28, 29] . However, an in vitro biosystem containing 13 enzymes can produce 12 mol of hydrogen from 1 mol of glucose unit, or 10 mol of hydrogen from 1 mol of xylose unit. The substrate for hydrogen production can be glucan polymers, disaccharides (sucrose, cellobiose, etc.), glucose, fructose, xylose, and so on ( Fig. 1 ). These in vitro biosystems can be divided into four parts: (1) hydrogen production by hydrogenase from NAD(P)H; (2) NAD(P)H generation by action of two dehydrogenases on glucose 6-phosphate; (3) regeneration of glucose 6-phosphate using the enzymes from the pentose phosphate pathway, glycogenesis and glycolysis pathway; and (4) substrate modification to enter the pentose phosphate pathway, glycogenesis and glycolysis pathway. Because H 2 and CO 2 are gaseous products, which can be released from the aqueous phase to decrease product inhibition, the theoretical product yield can be reached. For example, the overall yields of H 2 from cellobiose and xylose are 11.2 and 9.6 mol, corresponding to 93.1% and 96% of the theoretical yields, respectively. 
Fast reaction rates
Because there are no cellular membranes in in vitro biosystems to limit the mass transfer, and it is easy to increase the enzyme loading or substrate loading in in vitro biosystems, in vitro biosystems always show faster reaction rates than microbial fermentation systems. Enzymatic fuel cells are an emerging electrobiochemical device that directly converts chemical energy of a variety of fuels to electricity through enzymes [30] [31] [32] . The maximum powers of enzymatic fuel cells are usually higher than those of microbial fuel cells [33] . Zhang and coworkers constructed an in vitro biosystem containing 13 enzymes as enzymatic fuel cell which can oxidize glucose completely. This biosystem is very similar to the hydrogen production system described above; the only difference is replacement of hydrogenase with diaphorase and vitamin K 3 (VK 3 ) for the generation of 2 electrons per NAD(P)H molecule. The maximum power output of this enzymatic fuel cell were up to 8.5-24 mW cm −2 [34, 35] , which are higher than those of the best microbial fuel cells, which were about 0.69-0.79 mW cm −2 [36] . The energy storage density of this enzymatic fuel cell with 15% (wt/v) maltodextrin can reach 596 Ah kg −1 , which is one order of magnitude higher than that of lithium ion batteries. With such high power density and energy density, sugar-powered biobatteries can serve as next-generation green power sources, particularly for portable electronics. However, because sugar-powered biobatteries are an in vitro biosystem, they face the same problems as other in vitro biosystems, such as enzyme and cofactor stability and enzyme production. Enzymes have much larger catalytic volume or mass to their turnover number than the metal catalysts in the traditional cells, leading to a lower power density generated from the enzyme-catalyzed biobattery than lithium-ion battery. Enzymes are not as stable as metal catalysts, resulting in a lifetime of hours to days of the biobattery, much less than that of lithiumion battery. Much effort will be needed to address these two issues, including discovering novel enzymes, engineering enzymes, using new biomimetic cofactors, improving enzyme formulations, and optimizing biobattery configurations. This needs synergetic performance from different areas such as nanotechnology, synthetic biology, and material science. The challenges of in vitro biosystems will be discussed carefully in Section 4.
High tolerance in toxic environments
Because enzymes are generally better able to tolerate toxic compounds and products than microorganisms, many in vitro biosystems can work in toxic environments that microbes cannot survive. For example, Zhang and coworkers coupled xylitol production from xylose and NADPH generation system together [37] . This in vitro biosystem can work in the presence of diluted acid-pretreated biomass hydrolysate, which is toxic to fermentative organisms, suggesting that the enzyme cocktails do not require high-purity substrates for biotransformation.
Another example is isobutanol production from glucose [23] . Sieber and coworkers designed an ATP-free pathway to produce pyruvate from glucose with 2 NADH molecules per glucose molecule; pyruvate could then be converted to ethanol and isobutanol as shown in Fig. 2 , consuming the 2 NADH molecules per ethanol and isobutanol molecule. In a solvent tolerance test, butanol production by this in vitro biosystem containing nine enzymes was not significantly affected by the presence of up to 4% (v/v) isobutanol, whereas even 1% (v/v) isobutanol generally stops microbial butanol production because of the loss of membrane integrity [38] .
Highly engineering flexibility
Compared to the complexity of microbial fermentation system, in vitro biosystems can be easily modified or engineered to improve the system performance. For example, Panke and colleagues devised an in vitro biosystem for the production of dihydroxyacetone phosphate (DHAP) production from glucose [39] . By deleting triose-phosphate isomerase in glycolysis pathway from the extract source strain to enable the accumulation of DHAP, the concentration of DHAP can reach up to 12 mM, a feat never achieved by microbial fermentation systems. Because DHAP is an unstable molecule, the addition of butanal and rabbit muscle aldolase directly to this system converted DHAP to a more stable form. This example showcases the freedom of design by modifying the genome of the host strain and by addition or removal of catalysts and/or reagents to directly influence the reaction systems. In another example, the yield of fructose produced from starch can be significantly improved by different enzyme selection. Fructose is the sweetest monosaccharide. The average annual consumption of HFCS by a person in the USA is approximately 20 kg. Fructose is produced from starch through two steps of enzymatic conversion: (1) the starting material starch is hydrolyzed with amylase and glucoamylase to generate glucose and (2) glucose is converted to fructose by xylose isomerase. The limitation of this process is that the second step is reversible, causing the reaction to be dominated by the glucose-fructose equilibrium constant (the molar ratio of glucose to fructose at equilibrium is approximately 45:55) ( Fig. 4) ; therefore, the fructose yield cannot be very high. To solve this issue, Benner and coworkers designed an in vitro biosystem containing (1) glucan phosphorylase (GNP), (2) phosphoglucomutase (PGM), (3) phosphoglucose isomerase (PGI), and (4) fructose-6-phosphatase (F6Pase) [40] . In the last step, the hydrolysis of fructose 6-phosphate to fructose is irreversible and exergonic, and this last enzyme converts all the intermediates to the desired product, resulting in high product yield. This pathway design illustrates the general idea that the last step of the pathway should be irreversible when designing multistep in vitro biosystems to improve product yield.
Implement biostransformations that cannot be done by microbial fermentation
One of the most important advantages of in vitro biosystems over microbial fermentation is the potential to implement biotransformations that can be very difficult to be catalyzed by living microbes or chemical catalysts. For example, a mixture of intracellular and extracellular enzymes in one pot can convert ␤-1,4-glucosidic bond-linked cellulose to ␣-1,4-glucosidic bondlinked starch [41] . The conversion of cellulose to starch was achieved by four enzymes: (1) hydrolysis of cellulose to cellobiose catalyzed by an optimized cellulase cocktail containing endoglucanase and cellobiohydrolase; (2) cellobiose hydrolysis mediated by cellobiose phosphorylase (CBP) to generate glucose 1-phosphate and glucose. (3) generation of amylose from glucose 1-phosphate potato alpha-glucan phosphorylase (PGP); and (4) removal of glucose by yeast to release the product inhibition of CBP ( Fig. 3) . Different alpha-glucan phosphorylases have different preferences on starch with different degrees of polymerization. Three alphaglucan phosphorylases from potato and two thermophilic bacteria, Clostridium thermocellum and Thermotoga maritima, were tested for starch synthesis. Only PGP can extend the degree of polymerization of starch to several hundreds, and the other two alpha-glucan phosphorylases cannot synthesize starch with such high degree of polymerization. In this process, all glucan units in cellulose can be utilized to produce amylose, ethanol, and/or yeast single protein without sugar loss. Synthetic amylose produced from cellulose can have several applications, such as a healthy food additive to decrease risks of obesity and diabetes, a precursor of biodegradable plastics, and unlimited food and feed sources [42] . The cost-effective transformation of nonfood cellulose to synthetic starch could revolutionize agriculture and reshape the bioeconomy while maintaining biodiversity, minimizing agriculture's environmental footprint, and conserving freshwater [43, 44] .
Economic analysis of in vitro biosystems for biomanufacturing
In vitro synthetic biosystems for biomanufacturing can be regarded as a two-step biotransformation: (i) the production of numerous enzymes by whole-cell fermentation followed by the purification and (ii) in vitro biotransformation mediated by enzyme cocktails in one pot. The total cost of in vitro biosystems can be attributed to feed stock cost, enzyme and coenzyme (cofactor) cost, product titer and volumetric productivity, capital expenditures (CapEx), and operating expenses (OpEx) including separation. The product cost of in vitro biosystems is mainly based on the enzyme cost, because the cost range for enzymes, which is determined by the enzyme production cost and enzyme stability, can be much higher than other factors. Enzyme production cost is determined by the soluble protein expression level of enzyme. For example, if the targeted protein accounts for >30% of the total soluble cellular protein of Escherichia coli, the production costs of recombinant proteins are expected to be approximately US $500/kg, a conservative value [26] ; enzyme stability can be determined by the total turnover number (TTN w , calculated as kilograms of product per kilogram of enzyme before the enzyme is dead). TTN w of the enzymes >5000 indicates that the enzyme cost is negligible (∼$0.1/kg of product). For some in vitro biosystems that need coenzymes such as NAD, the TTN w of coenzymes also determines the production cost of the desired product. Biomimetic coenzymes are much more stable and cheaper than natural coenzymes; it is therefore important to replace natural high-cost and labile coenzymes with biomimetic coenzymes to decrease the product cost [18, 26] .
Problems and solutions
Despite many proof-of-concept in vitro biosystems have been developed at the laboratory scale, large-scale implementation of in vitro biosystems for manufacturing requires synergistic efforts in enzyme engineering and discovery, enzyme production and purification, bioinformatics, bioprocess engineering, organic chemistry, etc. Many barriers, including high cost of enzyme, cofactor sta- Fig. 3 . In vitro biosystem for converting cellulose to starch by endoglucanases (EGs), cellobiohydrolases (CBHs), cellobiose phosphorylase (CBP), and potato alpha-glucan phosphorylase (PGP), and the residual glucose was metabolized by yeast to produce ethanol. ␤-glucosidase (BG) was not included in this system to avoid the generation of glucose from cellobiose. 
Enzyme production and purification
As mentioned above, enzyme production is the key point for the commercialization of in vitro biosystems. At the beginning, enzyme production was always performed in the native organisms grown in certain environment for the enrichment of targeted enzymes. There are still some enzymes produced by this method now, such as overproduction of thermostable hydrogenase in Pyroccus furiosus [45] . Currently, most of the enzymes are expressed and purified in a recombinant form, using bacterial, fungal, and yeast platforms; this method is preferred because of in-depth knowledge of the organisms, ease of genetic manipulation, and high expression level [46] . The cost of protein production is highly related to its expression level. The higher the expression level, the lower is the cost of protein production [47] . Codon usage optimization is the most used method to enhance recombinant protein expression levels. For example, more than 500-fold improvement in the expression of soluble Thermotoga maritima 6PGDH has been achieved in E. coli by codon usage optimization, accounting for >30% of the total cellular protein yield [48] . It is expected that current costs of recombinant proteins produced by E. coli BL21 are approximately US $50-500 per kilogram of dry protein, including materials cost, labor cost, and capital depreciation based on the enzyme expression level [49] . When enzyme production is scaled up, the production costs would decrease further.
The high selling prices of enzymes manufactured by Sigma gives us an impression that the enzymes are too costly for use in large scale. The purity of commercial enzymes is relatively high. However, in vitro biosystems can use enzymes of relatively low purity as building blocks, and even cell extract can be used for in vitro biosystems such as cell-free protein synthesis [50] . Several low-cost scalable protein purification methods are available and have been developed, instead of using costly chromatographic separation methods, for example, one-step protein adsorption/desorption, purification, and immobilization by low-cost cellulosic materials [51] [52] [53] [54] , ammonia sulfate precipitation [55] , and heat precipitation of thermostable enzymes [56] . Thermostable enzymes are promising building blocks for in vitro biosystems owing to the operational stability and low risk of contamination [57] . It is reported that the recombination enzyme product of thermophilic gene expressed in mesophilic hosts (such as E. coli) can retain their resistance to heat, while endogenous proteins cannot. Therefore, for highly thermophilic enzymes expressed by E. coli, high-density bacterial expression combined with heat precipitation could be the simplest way to obtain a large amount of purified proteins from E. coli cell extracts [48, 58] . After cell disruption, heat treatment, and centrifugation, only soluble thermostable target enzymes remain in the supernatant. This method allows for the large-scale partial purification of thermostable enzymes expressed in E. coli. Honda and coworkers coexpressed nine thermophilic enzymes in one E. coli cell. After heat precipitation, the supernatant was used for the one-pot biotransformation directly [59] . For the recombinant thermophilic enzymes expressed in mesophilic cells, high selective whole-cell catalysts can be readily prepared compared to purified enzymes [60] , because insoluble cells can be much easier collected than soluble enzymes. Honda et al. treated the E. coli cells having the thermophilic enzyme with glutaraldehyde to prevent the heatinduced leakage of the enzyme, and the resulting cells can be used as whole-cell catalyst in repeated and continuous reactions [60] . In another study, Honda et al. demonstrated the rational combination of the thermophilic whole-cell catalysts enables the construction of in vitro biosystems for the production of value-added chemicals [61] .
Enzyme stability
As introduced in Section 3, weight-based TTN w can be regarded as the thermostability of enzymes. If TTN w > 10 6 , the fraction of the enzyme cost will be less than 1% during manufacturing by in vitro biosystems [18, 26, 62] .
In general, enzyme deactivation can be addressed by using thermoenzymes, enzyme immobilization, protein engineering through directed evolution and rational design, and their combination [18] . The discovery and utilization of thermoenzymes may be the simplest strategy. With the boosting of genome sequencing projects, several whole-genome sequences from thermophilic sources such as T. maritima, Thermus thermophilus, C. thermocellum, and Geobacillus spp., were identified. A total of 1685 clones of T. thermophilus HB8 are available from RIKEN DNA bank (http://dna.brc.riken.jp/ en/thermus en.html). Therefore, it is easy to obtain a thermophilic gene. During the past several years, Zhang's laboratory has produced a number of thermophilic enzymes in E. coli, such as C. thermocellum cellodextrin phosphorylase (CthCDP) [63] , C. thermocellum cellobiose phosphorylase (CthCBP) [63] , C. thermocellum glucan phosphorylase (CthGP) [64] , C. thermocellum PGM [65] , T. maritima 6-phosphogluconate dehydrogenase [48] , T. maritima fructose bisphosphatase [66] , and T. maritima pentose phosphate isomerase [58] . Most of these enzymes have TTN w of >10 7 at their sub-optimal temperatures.
When a special enzyme is available only from a mesophilic source or activity modification is desired, the next tool often used is enzyme engineering involving rational design, directed evolution, or their combination [67, 68] . The most powerful enzyme engineering method is directed evolution, which does not need the background knowledge of target enzymes [67] . In this process, the typical way is using error-prone PCR for random mutagenesis. Next, a selection or screening method identifies the better mutants, which are sequenced and often undergo one or more artificial evolution processes, including site-directed mutagenesis [69] [70] [71] . An appropriate selection/screening method is crucial for the success of directed evolution. Rational design is another alternative to improve the properties of the enzymes when an in-depth knowledge of the target enzymes is available, including catalytic mechanism and crystal structure [72] [73] [74] .
Enzyme immobilization techniques, including physical adsorption, covalent binding, and cross-linked enzyme aggregates, have been used to prolong the lifetime of enzymes [75] [76] [77] [78] . For instance, one-step protein purification and immobilization method has been developed by using low-cost, ultrahigh adsorption capacity regenerated amorphous cellulose (RAC) to adsorb carbohydrate binding module (CBM)-tagged thermophilic C. thermocellum PGI [54] . The resulting immobilized PGI has about two-fold higher activity than non-immobilized PGI and has about 80-fold higher stability than non-immobilized PGI at 0.001 mg/ml enzyme concentration. Another example is that immobilized glucose isomerase has a working lifetime of up to 2 years at 55 • C [79] . Despite the disadvantage that immobilization procedures often inactivate some percentages of enzyme activity, easy recycle and increased stability still make immobilized enzyme much more cost-efficient than free enzymes.
Redox enzyme engineering
Because the cost of cofactor is high, it is critical to balance the cofactor by cost-effective cofactor regeneration systems for the in vitro biosystems to manufacture low-value commodity chemicals [62] . Some regeneration systems have been introduced into in vitro biosystems to maintain the concentration of the cofactors such as NADH, NADPH, and ATP. Formate and formate dehydrogenase are the most used NADH regeneration systems, because the product of formate oxidation is carbon dioxide [80] . Bowie and coworkers proposed a promising approach for the construction of a synthetic purge valve module to achieve an intra pathway redox balance of NADPH [81] . Several ATP regeneration systems have been constructed using glucose and pyruvate, instead of a compound with a high-energy phosphate bond [82] [83] [84] . However, the instability of cofactors such as NAD and NADP limits the commercial viability of in vitro biosystems for low-value products. Honda and coworkers proposed an in vitro biosystem containing eight enzymes for the salvage synthesis of NAD + [85] . Although this method requires several enzymes for the industrial purpose only to resynthesize NAD + , the best solution is the replacement of natural cofactors with low-cost biomimetic cofactors [38, 86] . Biomimetic cofactors such as nicotinamide mononucleotide (NMN) and 1-benzyl-3-carbamoyl-pyridinium (BCP) are not only economical, but they also have much better stability [38, 87] . NMN is a precursor of NAD(P) and is much smaller in size than NAD(P) (Fig. 5) . A few wild-type redox enzymes function using NMN, including liver alcohol dehydrogenase [88] and glutamic dehydrogenase [89] . Recently, Scott et al. have shown that engineered P. furiosus alcohol dehydrogenase can work on NMN [90] . Fish et al. found that the pyrophosphate and adenosine groups in NAD(P) are not essential for the hydride transfer and proposed the use of BCP chloride to replace NAD(P) [91] . Clark and Fish collaborated to show that an engineered P450 mutant with two amino acid changes can utilize BCP [92] . Furthermore, another group showed that engineered P450 can utilize Zn dust as an electron source rather than natural cofactors [93, 94] . In 2012, a large international group showed that wild-type enoate reductases can work with both BCP and 1-buta-3-carbamoyl-pyridinium (BuCP) [95] . In 2011, Zhao and coworkers presented a bio-orthogonal system that catalyzed the oxidative decarboxylation of L-malate with a dedicated biomimetic cofactor, nicotinamide flucytosine dinucleotide, where the redox enzymes were engineered using site-saturation mutagenesis of the key amino acid sites [96] .
Although the importance of redox enzyme engineering is increasingly recognized for the future biomanufacturing [25, 26, 97] , redox enzyme engineering remains in its early stage, because no framework or general rules exist for engineering redox enzymes on non-natural cofactors [90] . This direction may become among the top R&D priorities of in vitro biosystems, including cofactors, especially for the production of low-value biocommodities.
The determination of reaction conditions
In vitro biosystems require all enzymes to have activity under one condition [14, 63] . The simplest way is choosing the optimized condition for the rate-limiting enzymes, and then, on the basis of the enzyme activity of these enzymes under the optimized condition, add other enzymes with the same activity to the reaction systems. The relative simplicity of in vitro biosystems makes them much easier to construct a kinetic model to simulate the whole process, thus maximizing the reaction rate and product yield [38] . A nonlinear kinetic model was developed to simulate enzymatic hydrogen production from cellobiose and predict rate-limiting step [63] . Ardao and Zeng used this nonlinear kinetic model incorporating 19 mass balance equations to solve a multi-objective optimization of this in vitro biosystem; one set of solutions predicted the ability of this system to retain 90% yield while increasing the reaction rate to 355 mmol/L/h [98] . Later, parameters of this model were fitted with experimental data using a genetic algorithm, and a global sensitivity analysis was used to identify the enzymes that have a significant effect on reaction rate and yield. Through an optimal set of enzyme concentrations predicted by this model, volumetric hydrogen productivity was further enhanced to 32 mmol/L/h, that is, by threefold, and further increased to 54 mmol/L/h by increasing the reaction temperature and substrate and enzyme concentrations [99] . Ensemble Modelling for Robustness Analysis (EMRA), which was constructed by James Liao's group, was used to determine the robustness of in vitro biosystems when the enzyme amounts are changed [100, 101] . This method could be a valuable tool for the optimization of enzyme ratios in in vitro biosystems without a priori knowledge of specific enzyme parameter values.
Scale-up
The scale-up of microbial fermentation processes is complicated that can lead to unpredictable process performance, because reaction scale affects molecular diffusion, gas transfer, hydrostatic pressure, mixing rates, temperature gradients, pH effects, and other parameters [21, 102] . production by in vitro biosystems containing more than 4 enzymes; to our limited knowledge, the only two successful examples are cell-free protein synthesis for aglycosylated antibodies (5 L scale) [103] and cytokines (100 L scale) [104] , and protein yields from the microliter to liter scale is linear. Therefore, the scale-up of in vitro biosystems is similar to that of chemical industry, unlike microbial fermentation. It is believed that the success of the first in vitro biosystem for large-scale biomanufacturing in the next several years will clarify its industrial feasibility [18] .
Principle of designing in vitro biosystems for biomanufacturing
The aim of the design of in vitro biosystems should be focused on commercial feasibility, several aspects should be taken into account, (1) It is very important that the cost of products should be higher than that of substrates. (2) The product cost is mainly attributed to the enzyme cost. Therefore, all the enzymes should have a high TTN w to minimize the enzyme cost, these enzymes should have high soluble protein expression levels in recombinant host cells, and the condition of the reaction should be optimized to maintain the enzyme activity and stability. (3) It is better to not involve cofactors in these in vitro biosystems; if the cofactor cannot be avoided, it should be balanced by adding new components to prolong the reaction time and reduce the product cost, especially for the low-cost product. It is much better to replace the natural cofactors with biomimetic cofactors. (4) The last step should be irreversible to maximize the product yield or the product can be removed in situ.
Conclusion
Compared with the predominant microbial fermentation on manufacturing, in vitro biosystems for manufacturing is still at the early stage. With the development of the more stable enzymes as standardized building blocks and the improvements in redox enzyme engineering to work with less costly and more stable biomimetic cofactors, in vitro biosystems will eventually become a new biotechnology platform for biomanufacturing numerous products, parallel to microbial fermentation platform.
